The absorption spectrum of the MnO 
Introduction
Inclusion of environment effects in computational chemistry is pivotal to achieve the best possible match between theoretical models and experimental measurements. The presence of an environment influences both energetics and spectroscopic constants. An example of the latter is how the presence of a molecular environment can alter absorption spectra, and many chemical compounds have a characteristic shift of their excitation energies that depends on the specific environment. For solutes, the solvent shift may be defined as ∆E shift = E sol − E vac , where E sol and E vac are excitation energies obtained with and without solvent included, respectively. Accurate prediction of excitation energies and solvent shifts poses special demands on the theoretical model. Obviously it is crucial that the theoretical method is able to describe the electronic structure to high accuracy. For a solvated compound, it is also important to accurately model the environment-induced perturbation of the solute's charge density. Furthermore, it is necessary to include finite-temperature effects which can be done by averaging over several structures from a molecular dynamics (MD) trajectory. Transition metal complexes can generally be expected to display multireference character, and in such cases both dynamical and static correlation must be modeled accurately with multireference methods, such as complete active space second-order perturbation theory (CASPT2). 14, 20 or a somewhat more pronounced red-shift of −0.13 eV, 10, 22 in clear contrast to experiment. It is presently not known whether the discrepancies are caused by inadequate electronic structure methods, solvent models, or both.
In this paper, we address the theoretical description of the MnO -4 absorption spectrum in both vacuum and aqueous solvent. To ensure an accurate description it seems that methods that can capture multiconfigurational character are required. Here we use a method that combines Kohn-Sham (KS) density functional theory (DFT) with a multiconfigurational wave function. A number of such schemes are currently in development [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] and here we employ a range-separation method denoted complete active space short-range DFT (CAS-srDFT). 27, 28, [31] [32] [33] 35 The CAS-srDFT method is computationally cheaper than perturbation-based multireference methods and has been shown to be of comparable accuracy. 
Results and discussion
First we investigate the performance of the CAS-srDFT method on the MnO We use symmetric, geometry-optimized structures, i.e., we neglect finite-temperature effects.
We performed the calculations based on two geometries: a vacuum geometry (BLYP/6-31G) and a solvent (PCM) geometry (PCM-BLYP/6-31G). The lowest vertical excitation energies, as well as the associated oscillator strengths, were obtained for both structures based on time-dependent CAS(14,12)-srPBE calculations with and without PCM embedding. This allows us to separate the solvent effects on the spectrum into a contribution stemming from the direct electrostatic interactions that polarizes the electron density of the solute, and an indirect contribution which is caused by the solvent-induced change in molecular geometry.
The results for the four lowest intense transitions are shown in table 1. The CAS(14,12)-srPBE calculation based on the vacuum geometry gives the values that can be compared to the accurate results based on RAS(24,17)PT2. 20 In terms of excitation energies both methods agree to within 0.1 eV for the first two transitions, and 0.2 eV for the third transition.
However, there is a relatively large discrepancy for the fourth transition where they differ by This is not unprecedented, as we recently showed that CASPT2 and CAS-srDFT can obtain oscillator strengths that differ significantly, 34 although they usually predict the same trends.
Some of the differences have been attributed to the fact that oscillator strengths in CASPT2
(and RASPT2) methods are effectively obtained at the CASSCF level. 34 For these higherlying excitations (close to the ionization limit) the inclusion of Rydberg basis sets can be of importance, although it had only little effect in ref. 20 . CAS-srDFT has previously been noted to be more sensitive than e.g. CASPT2 to Rydberg-valence mixing differs somewhat from the red-shift of −0.14 eV. The discrepancy can, at least partly, be explained by the neglect of indirect solvent effects since we also obtain a small red-shift of −0.05 eV when using structures optimized in vacuum (see table 1 ). All the same, even with a consistent procedure, implicit solvent models alone do not seem to be able to reproduce the experimental blue-shift which is around 0.1-0.2 eV.
21
We now consider MnO states. Thus, the T 1 and T 2 states are split into six states in total. Further, the transition to the T 1 state is dipole-forbidden in T d symmetry, but gains intensity when the symmetry is removed by finite-temperature effects and solvent interactions. The peak-maxima in figure 1 are used to calculate ∆E shift which are given in table 3. We start by discussing these, and thereafter we will provide a more detailed analysis of the individual states in table 2.
From the spectrum we obtain an excitation energy of 2.25 eV for the 1 1 T 2 state in vacuum. This is 0.04 eV higher than the energy obtained using the geometry-optimized The spectrum in figure 1 can be interpreted on the basis of the individual states given in 20 With such a small energy-gap, the two states are expected to mix when the tetrahedral symmetry is lifted. This is indeed the case, but among the lowest six states, the 1 1 T 1 and 1 1 T 2 multiplets can still be discerned (see table 2 ). The three states of 1 1 T 1 parentage are still lower in energy than the intense 1 1 T 2 band, and can also be discerned in the spectrum in figure 1 , as a weak transition at approximately 1.7-1.9 eV (13700-15300 cm −1 ) prior to the large peak from 1 1 T 2 . Low-intensity peaks have indeed previously been observed in MnO (see table 2 ) result in a blue-shift of the excitation energy, leading to a more pronounced total blue-shift.
We can also briefly comment on the higher-lying states in table 2 and figure 1. Our CAS-srPBE results from the symmetric structure in table 1 showed that the dipole-allowed 2 1 T 2 multiplet is just above the dipole-forbidden 2 1 T 1 multiplet: The excitation energy of the former is 3.61 eV (see These two multiplets are mixed when including finite-temperature and solvent effects and can no longer be discerned (see table 2 ). From the spectra in figure 1 we obtain an excitation energy of 3.44 eV in vacuum, and blue-shifts of 0.08 and 0.05 for the PCM and the PE model, respectively (see table 3 ). There is no experimental value for this transition in aqueous solution but a value of 0.09 eV exists for a 0-0 transition in crystalline phase. 16, 21 Using this value as reference, both solvent models yield a qualitatively reasonable shift (see table 3 ), in particular in the light that the shift of excitation energies due to an environment seem to be larger in the crystalline phase than in water. 21 Our calculated shifts for water are indeed slightly below the value for the crystalline phase.
It should finally be noted that we do not reproduce the vibrational structure of the spectrum, since our underlying structures only include vibrations from the electronic ground state, while the significant vibrational structure in the MnO Employing a similar model for CAS-srDFT would be an interesting extension of our current approach but is left for further studies. In any case, the good agreement with experiment obtained here is encouraging for further investigating the PE-CAS-srDFT method for other transition metals, both in solution and in protein systems.
Conclusion
In this paper, we present a study of MnO 
